Introduction
DNA damage caused by internal or external damaging agents is a major threat to the integrity of the cellular genome. The cellular defense system against this threat is the DNA damage response (DDR)-an elaborate signaling network that repairs the damage while swiftly modulating many physiological processes. 1 One of the most powerful triggers of the DDR is the DNA double-strand break (DSB). 2 The major DSB repair pathways in eukaryotic cells are error-prone non-homologous endjoining (NHEJ) [2] [3] [4] and the high-fidelity process homologous recombination repair (HRR). 2, 5 The overall cellular response to DSBs is a powerful signaling network that swiftly and vigorously affects a large number of cellular systems. 1, 6 Its initial stage is performed by the sensor/mediator proteins that are recruited to the damaged sites, 1, [7] [8] [9] where they are involved in damage recognition and processing, chromatin reorganization, and activation of the transducers of the DNA damage alarm: protein kinases that phosphorylate numerous downstream effectors. 10, 11 The DSB response involves extensive protein post-translational modifications, most the DNA damage response (DDR) is a complex signaling network that leads to damage repair while modulating numerous cellular processes. DNA double-strand breaks (DSBs)-a highly cytotoxic DNA lesion-activate this system most vigorously. the DSB response network is orchestrated by the AtM protein kinase, which phosphorylates key players in its various branches. proteasome-mediated protein degradation plays an important role in the proteome dynamics following DNA damage induction. Here, we identify the nuclear proteasome activator pA28γ (ReGγ; pSMe3) as a novel DDR player. pA28γ depletion leads to cellular radiomimetic sensitivity and a marked delay in DSB repair. Specifically, pA28γ deficiency abrogates the balance between the two major DSB repair pathways-nonhomologous end-joining and homologous recombination repair. Furthermore, pA28γ is found to be an AtM target, being recruited to the DNA damage sites and required for rapid accumulation of proteasomes at these sites. our data reveal a novel AtM-pA28γ-proteasome axis of the DDR that is required for timely coordination of DSB repair.
Involvement of the nuclear proteasome activator PA28γ in the cellular response to DNA double-strand breaks
Adva Levy-Barda, 1 Yaniv Lerenthal, 1 Anthony J. Davis, 2 Young Min Chung, 3 Jeroen essers, 4 Zhengping Shao, 2 Nicole van Vliet, in maintenance of genomic stability prompted us to explore its involvement in the DDR. Here, we report that PA28γ is an ATM target and plays a role in a pathway that is required for timely coordination of DSB repair, which involves recruitment of proteasome particles to sites of DNA damage.
Results
PA28γ is required for timely DSB repair. Initial indication that PA28γ plays a role in the cellular DSB response came from the observation that cells depleted for PA28γ exhibit hypersensitivity to the radiomimetic drug neocarzinostatin (NCS), as demonstrated by a clonogenic survival assay. The sensitivity of PA28γ-depleted cells to NCS was intermediate between that of wild-type and ATM-depleted cells (Fig. 1) . Such sensitivity is suggestive of interference with DSB repair. Further evidence of such a defect may come from the altered dynamics of the clearance of damage-induced nuclear foci of phosphorylated histone H2AX (γH2AX) 36 or foci formed by damage response proteins such as MDC1, 53BP1 and BRCA1. 8 Importantly, PA28γ depletion increased the duration of such foci compared with PA28γ-proficient cells (Fig. 2) . It was also important to distinguish between the possible involvement of PA28γ in the initial recruitment of the DDR players to damage sites, and its effect on their retention at these sites. When we followed the recruitment of these proteins to sites of DNA damage induced by a focused laser beam, PA28γ depletion did not seem to affect the initial formation of γH2AX along the damage tracks or the early accumulation of MDC1, 53BP1, RNF8 and BRCA1 (Fig. S1) . Collectively, these results suggest that PA28γ is required for timely disappearance of the damage hallmarks, presumably by affecting DSB repair or the mechanism leading to dismantling of the nuclear foci at sites of DNA damage.
In order to directly examine the effect of PA28γ depletion on DSB sealing, we used the sensitive neutral comet assay. [37] [38] [39] Two hr after treatment with an NCS dose of 200 ng/ml, significant differences in comet tail moment were observed between PA28γ-proficient and -deficient cells, indicating a marked retardation in DSB closure in the absence of PA28γ (Fig. 3) .
PA28γ is involved in coordinating DSB repair pathways. In order to dissect the effect of PA28γ depletion on the two major DSB repair routes, NHEJ and HRR, we examined the performance of each route separately in PA28γ-depleted cells. Interestingly, reduction in PA28γ amounts led to opposite effects on the two processes: moderate reduction in NHEJ, but marked elevation in HRR ( Fig. 4A and B) . In view of these results we monitored the accumulation of a major HRR player, RAD51, at DSBs formed by focused irradiation with α particles. 40 Interestingly, enhanced accumulation of RAD51 at DSB tracks was observed in cells depleted of PA28γ, particularly at early time points following DNA damage induction (Fig. 4C) .
Because HRR functions in the late S and G 2 phases of the cell cycle, prolonged arrest at S/G 2 can potentially affect the NHEJ:HRR ratio. Flow cytometric analysis showed that PA28γ depletion had minor effect on cell cycle distribution (Fig. S2) . The most noticeable effect was an increased proportion of cells out to be PA28γ (PSME3; REGγ). PA28γ is a 28 kDa component of the 11S REG/PA28 regulatory particle that activates the 20S proteasome in an ATP-and ubiquitin-independent manner. 21, 22 The proteasome is a large, multi-subunit proteolytic complex composed of a cylindrical 20S core and two regulatory ("activator") subunits. The 3 types of activators are PA700 (19S proteasomal activator), PA28 (11S proteasomal activator, REG), and PA200. The PA28 activator can be composed of the PA28α and PA28β proteins, which are expressed in the cytoplasm and assembled as a heteroheptamer, or be a homoheptamer of the PA28γ protein, which is nuclear. 23, 24 Recent biochemical studies revealed that PA28γ specifically directs ubiquitin-and ATP-independent degradation of proteins such as steroid receptor co-activator 3, 25 ubiquitin ligase Smurf1, 26 HCV core protein, [27] [28] [29] 31, 32 On the other hand, it enhances the MDM2-mediated ubiquitylation and subsequent proteasomal degradation of the p53 protein. 33 Notably, PA28γ has been implicated in the maintenance of centrosome and chromosomal stability 34 and was found to interact with the damage checkpoint kinase Chk2 and be involved in regulation of the number of nuclear PML bodies. 35 The suggested role for PA28γ GFP-tagged PA28γ to laser-induced DNA damage again showed recruitment of a fraction of PA28γ to the damage sites as early as few minutes after damage induction (Fig. 5C ). These observations suggest that PA28γ functions at the damage sites during the early stage of the DDR.
PA28γ is an ATM target. Players in the cellular DSB response often undergo a variety of DNA damage-induced posttranslational modifications, 12 with ATM-mediated phosphorylation being a prominent one. 11 Protein phosphorylations often lead to changes in gel migration of the targeted proteins. We noticed a slower migrating form of PA28γ that appeared following NCS treatment, and this band-shift could be augmented using the Phos-tag reagent 41 ( Fig. 6) . Importantly, this mobility shift was dose-dependent ( Fig. 6B ) and was not observed in cellular extracts treated with lambda protein phosphatase (λPPase), suggesting that it represented a phosphorylated form of PA28γ. PA28γ phosphorylation was ATM-dependent and DNA-PKindependent (Fig. 6C) , and its kinetics (Fig. 6D) roughly correlated with that of chromatin recruitment of PA28γ (Fig. 5A) .
in S-phase following NCS treatment, most evident 12 h after the treatment (Fig. S2) , but overall, reduction of PA28γ cellular levels did not have a marked effect on the activation of the damageinduced cell cycle checkpoints. Collectively, the results suggested that the markedly elevated HRR that followed the loss of PA28γ could not be attributed to a major change in cell cycle distribution compared with PA28γ-proficient cells, but rather to interference with the repair pathways following the loss of this protein.
A fraction of PA28γ is recruited to DNA damage sites. A protein's involvement in the early stage of the DDR often entails relocalization to the damaged sites of at least a fraction of its cellular portion. Following NCS treatment, we observed rapid recruitment of PA28γ to the chromatin fraction after damage induction, which subsequently subsided after 2 h (Fig. 5A) . Following induction of localized DNA damage and immunostaining with an antibody against PA28γ, we noticed that a fraction of this protein was, indeed, recruited to the damage sites ( Fig. 5B) (for a test of the antibody's specificity see Fig. S3 ). Live cell imaging used to follow the relocalization of ectopic, 
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Relocalization of proteasomes to DNA damage sites is PA28γ-and ATM-dependent. Since PA28γ is usually part of a large protein complex, we explored its interactions with other proteins in unprovoked cells and following DNA damage induction. We immunoprecipitated PA28γ from untreated and Notably, it was clear that only a fraction of the total cellular content of PA28γ underwent the damage-induced phosphorylation. Collectively, the results suggest that a fraction of PA28γ is involved in the DSB response, being recruited to DNA damage sites and tagged by ATM-mediated phosphorylation. In one system the repair of I-SceI-induced DSB via HRR regenerates an active GFp-encoding sequence, 69, 71 and in the other this effect is obtained following NHeJ-mediated repair of the break. 70 In both cases, the GFp signal is monitored using FACS. into the nucleus, where it exhibited punctuate staining reminiscent of damage-induced foci. Indeed, PSMA6 foci co-localized with γH2AX foci that are thought to mark DSB sites (Fig.  7A) . Further evidence for PSMA6 recruitment to DNA damage sites was obtained when localized damage was induced with a focused laser beam (Fig. 7B) . Importantly, this relocalization was largely PA28γ-and ATM-dependent (Fig. 7B) . Further indication that PSMA6 recruitment represented relocalization of proteasomes to the DNA damage sites was obtained using antibodies against two other proteasome subunits, PSMA1 and PSMA4 (Fig. S6) .
Discussion
We describe here a novel ATM-and PA28γ-dependent DNA damage response pathway that involves recruitment of proteasomes NCS-treated HEK293 cells and identified co-precipitating proteins. Most of the proteins identified in this manner were the expected proteasome subunits, and no change was observed in the interaction of PA28γ with other proteins following DNA damage induction (Fig. S4) . Notably, subunits of the 19S proteasome lid and subunits of the 20S proteasome core were identified. This result suggested that PA28γ could be found in mixed complexes ('hybrid proteasomes') in which 20S particles are bound at one end by the 19S lid and at the other end by the PA28γ homoheptamer.
A natural corollary of this observation was that PA28γ-containing proteasome particles might be recruited to the damage sites. Using immunostaining, we followed the subcellular localization of endogenous PSMA6, a subunit of the 20S core proteasome, following NCS treatment (Figs. 7A and S5) . We observed massive damage-induced relocalization of PSMA6 Figure 5 . A fraction of pA28γ is recruited to DNA damage sites. (A) U2oS cells were treated with 400 ng/ml of NCS. At various time points following damage induction the chromatin fraction was isolated and blotted with the indicated antibodies. (B) DNA damage was induced in U2oS cells using a focused laser microbeam. twenty min later the cells were treated with 0.25% Np40, fixed and co-stained with antibodies against pA28γ and γH2AX. (C) U2oS cells stably expressing GFp-pA28γ were transfected with DsRed-pCNA and localized DNA damage was induced using a focused laser microbeam. the cells were monitored using time-lapse imaging. Note the fraction of pA28γ that was recruited to the sites of DNA damage and co-localized with DsRed-pCNA, lasting up to 1 h following damage induction.
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and proteasome subunits, and damage-induced formation of hybrid proteasomes containing the PA200 activator. However, the PA200-associated proteasome recruitment occurred at much later time points compared with the time course that we report, and was ATM-independent but DNA-PK-dependent. Of note, PA200-deficient cells were radiosensitive. Collectively, the data indicate involvement of proteasomes of different compositions in different stages of the DDR. Proteasome involvement in the DDR has previously been associated with the ubiquitin-proteasome pathway of protein degradation. 12, 13, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] Direct involvement of the proteasome in DSB repair was suggested based on observations in yeast 48, 51, 53, 56 and human cells. 44, 45, 49 Ben Aroya and colleagues 48 recently suggested that in yeast, proteasome-mediated disassembly of the damageassociated foci is required for the recruitment and retention of repair proteins. In their study, proteasome-mediated degradation of the yeast protein Mms22 was necessary and sufficient for cell cycle progression following a damage-induced G 2 /M arrest. Shi et al. 62 reported that disassembly of MDC1 foci was dependent on the ubiquitin-proteasome pathway of protein degradation. 62 The mechanisms that maintain the balance between the NHEJ and HRR pathways at the late S and G 2 phases of the cell cycle are a subject of intensive research. Our data may reflect a primary reduction in NHEJ efficiency, which in turn leads to elevation of HRR. Murakawa et al. 63 observed suppression of HRR following treatment with proteasome inhibitors. It should be noted that this drastic treatment reduces the cellular ubiquitin pools and markedly affects many processes, compared with to DNA damage sites and is required for optimal DSB repair. The function of PA28γ, a novel DDR player and an ATM target, is unique compared with those of many previously described ATM targets, most of them enzymes that mediate specific reactions, or regulators of nucleic acids transactions or chromatin organization. The PA28γ heptamer is one of the proteasome regulators and is involved in ubiquitin-and ATP-independent degradation of specific proteins. 25, 28, 31, 32 Its ATM-dependent phosphorylation and recruitment to DNA damage sites place it at the early stage of the DDR, together with many other proteins that are called to action at these sites following damage induction. 1, [7] [8] [9] Our data further suggest that PA28γ is recruited by the ATM-mediated DDR as a proteasome component. Presumably the aim of this pathway is to degrade proteins in situ, at the damage sites. A cardinal question is whether the substrates of this degradation are chromatin components whose rapid degradation is required for chromatin reorganization at damage sites, or they are DDR players that are removed from the scene during DDR recovery. PA28γ's ATM-dependent phosphorylation may affect the substrate specificity of the corresponding proteasome. 23 Previously documented post-translational modifications of PA28γ are MEKK3-mediated phosphorylation 42 whose functional significance is still unclear, and SUMOylation, which affects its interaction with the p21 protein and leads to its cytosolic translocation. 43 It is interesting to compare our results with those of Blickwedehl et al. 44, 45 who observed DNA damage-induced recruitment to chromatin of the proteasome activator PA200 The interface between the arenas of the DDR and the ubiquitin-like (UBL) proteins is becoming thicker as additional UBLdriven DDR pathways are discovered. 13, 60, 64, 65 Our and previous observations highlight the proteasome in its various compositions as an important player in the complex cascade of processes taking place at DNA damage sites at different stages of the DDR. These observations call for further elucidation of proteasome-mediated pathways in the DDR and identification of their targets and regulators.
Materials and Methods
Cell lines. HEK293, U2OS, HeLa and CAL51 cells were grown in DMEM with 10% fetal bovine serum at 37°C in 5% CO 2 atmosphere.
Chemicals, antibodies and vectors. DharmaFECT 1 transfection reagent from Dharmacon (T-2001-03). Neocarzinostatin (NCS) was obtained from Kayaku Chemicals. Phos-tag was purchased from the NARD Institute (ALL-107). The anti-ATM PA28γ reduction. Gudmundsdottir et al. 49 noticed that proteasome inhibition affects the relative extent of different DSB repair pathways in human cells. More recently, Ju et al. 51 observed abrogation of the NHEJ pathway in yeast upon interference with a feedback loop that involves degradation of Rpn4, a transcription factor that enhances the expression of proteasome unit genes. Evidence is thus emerging for involvement of proteasome-mediated protein degradation in maintaining the balance between DSB repair pathways.
It should be noted that even without the induction of acute DNA damage, reduction in the cellular amounts of proteasome subunits, 48 including PA28γ 34 , was found to lead to ongoing genomic instability. In view of the marked elevation in HRR that we noticed in PA28γ-depleted cells, a possible explanation for this chromosomal instability is abortive HR in the absence of sister chromatids. These observations indicate that proteasome-mediated processes function continuously in maintenance of genomic stability, probably in the face of ongoing, low-level DNA damage inflicted by metabolic by-products. To detect chromatin-bound proteins, cells were washed with ice-cold PBS and then lysed in a buffer containing 0.5% NP40, 100 mM NaCl, 50 mM Tris pH = 7.5 and 2 mM EDTA, supplemented with protease and phosphatase inhibitors, at 4°C for 10 min. The insoluble chromatin fractions were separated by centrifugation at 4,000 rpm at 4°C for 10 min. The chromatin-enriched pellet was then resuspended in nuclease incubation buffer containing 0.5% NP40, 100 mM NaCl, 50 mM Tris pH = 7.5, 1.5 mM MgCl 2 and 5 units/μl benzonase (Novagen) to digest DNA and RNA, supplemented with protease and phosphatase inhibitors, at 4°C for 60 min. The sample was cleared by centrifugation at 20,000x g for 10 min, and the supernatant containing the solubilized native chromatin proteins was collected. Cell cycle analysis using flow cytometry. The cells were harvested and prepared for flow cytometry as previously described in reference 72. Sorting was performed using the FACSort flow cytometer (Becton Dickinson) at 10,000 events/ sample. Cell cycle analysis was performed using ModFit LT software.
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Note
Supplemental material can be found at: www.landesbioscience.com/journals/cc/article/18642 monoclonal antibody MAT3 was produced in our laboratory in collaboration with N.I. Smorodinsky; monoclonal anti-53BP1 antibody for the immunostaining assay and polyclonal antibody against RNF8 were generous gifts from T. Halazonetis (Geneva University) and N. Mailand (University of Copenhagen), respectively; polyclonal anti-γH2AX were from Bethyl Laboratories, Inc., (A300-081A); monoclonal anti-HA (SC-7392), anti-HSC70 (SC-7298) antibodies were obtained from Santa Cruz Biotechnology, Inc.; monoclonal anti PSMA1 (ab3325) and PSMA4 (ab55625) Abcam, Inc.; monoclonal anti-γH2AX from Millipore, Inc., (05-636); monoclonal anti-MDC1 from Sigma-Aldrich (M2444); monoclonal anti-PA28γ from BD Transduction, Inc., (611180); polyclonal anti-RAD51 was obtained from BD Biosciences, Inc., (551922); polyclonal anti pS824-KAP-1 from Bethyl Laboratories, Inc., (BL1067); polyclonal anti-PSMA6 from Cell Signaling, Inc., (2459S); polyclonal anti-BRCA1 from Millipore, Inc., (07-434); polyclonal anti-H3 Abcam (ab1791); Secondary antibodies: anti-mouse and anti-rabbit IgG-Alexa 488 (A11001, A11008) and 568 (A11004 and A110011) were purchased from Molecular Probes, and HRPconjugated anti-rabbit IgG (111-035-144) or anti-mouse IgG (115-035-062) were obtained from Jackson Immunoresearch Laboratories, Inc. The vector pEGFP-PA28γ (human cDNA) was a generous gift from Y. Masuura (Osaka University).
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RNA interference. OnTarget Plus SMARTpool siRNAs targeting PA28γ were obtained from Dharmacon. The following siRNA sequences were designed and subsequently synthesized by Dharmacon with the OnTarget Plus modifications:
Luciferase: CGU ACG CGG AAU ACU UCG ATT, RAD51: GAG CUU GAC AAA CUA CUU CUU, GFP: GGA GCG CAC CAT CTT CTT C, ATM: NNG ACU UUG GCU GUC AAC UUU CG. U2OS cells were grown to 20-50% confluence and transfected with siRNA using DharmaFECT1.
DDR assays. Clonogenic survival of cell lines and immunostaining procedures were performed as previously described in reference 19. Detection of 53BP1, γH2AX, MDC1 and BRCA1 nuclear foci was performed as previously described in reference 39 and 62. Induction of localized DNA damage and monitoring of protein recruitment were performed according to previous protocols. 39, 40, 67 DSB were introduced by irradiating cells with α-particles as previously described in reference 40 and 68.
DSB repair. NHEJ and HRR assays were performed as previously described in reference 39 and 69-71. siRNAs against the RAD51 and Ku70 served as controls. The comet assay was performed as previously described in reference 38 and 39.
Immunoblotting, immunoprecipitation, protein identification and chromatin fractionation. Immunoblotting and immunoprecipitation were performed as previously described ©2 0 1 1 L a n d e s B i o s c i e n c e .
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